Traditional annotation of protein-encoding genes relied on assumptions, such as one open reading frame (ORF) encodes one protein and minimal lengths for translated proteins. With the serendipitous discoveries of translated ORFs encoded upstream and downstream of annotated ORFs, from alternative start sites nested within annotated ORFs and from RNAs previously considered noncoding, it is becoming clear that these initial assumptions are incorrect. The findings have led to the realization that genetic information is more densely coded and that the proteome is more complex than previously anticipated. As such, interest in the identification and characterization of the previously ignored 'dark proteome' is increasing, though we note that research in eukaryotes and bacteria has largely progressed in isolation. To bridge this gap and illustrate exciting findings emerging from studies of the dark proteome, we highlight recent advances in both eukaryotic and bacterial cells. We discuss progress in the detection of alternative ORFs as well as in the understanding of functions and the regulation of their expression and posit questions for future work.
INTRODUCTION
Most genome annotation is based on assumptions about what is being translated in the cell. For example, minimal length cutoffs commonly are utilized to prevent spurious annotation of open reading frames (ORFs). Additionally, smaller ORFs nested within larger ORFs generally are not annotated. However, it is becoming clear that these initial assumptions are incorrect. With the serendipitous discoveries of additional translated ORFs upstream and downstream of annotated ORFs, protein variants expressed from alternative start codons both in-frame and out-of-frame of annotated ORFs, and functional small proteins encoded by RNAs previously considered noncoding, such as long noncoding RNAs (lncRNAs) and circular RNAs (circRNAs) (1) (2) (3) (4) (5) (6) , we now know that many previously ignored ORFs are translated as regulatory mechanisms or to give bioactive proteins (Figure 1 ). These discoveries are revealing that dense gene architectures previously associated with viruses and bacteriophages may be present in all organisms. The findings are also uncovering new ways proteome complexity is generated, beyond the known mechanisms of mRNA editing, alternative splicing, ribosomal frameshifting, stop codon readthrough or use of non-canonical amino acids. Aspects of the discovery and functions of these ignored ORFs have previously been reviewed (7) (8) (9) (10) . Here we seek to provide an overview of recent advances, compare and contrast what is known in eukaryotic and bacterial cells, and point out unanswered questions.
We note that nomenclature to denote these newly discovered ORFs has been inconsistent. For instance, regulatory ORFs upstream of annotated ORFs are termed upstream ORFs 'uORFs' or upstream conserved coding regions 'uCCs' in eukaryotes and 'leader peptides' in bacteria. ORFs overlapping annotated ORFs have been denoted 'alt-ORFs' in some species, and the gene products of previously unannotated small ORFs 'sORFs' have been referred to as 'small proteins', 'micropeptides' and 'miniproteins', as just a few examples. The field would benefit from adoption of a unified terminology. In this review, we denote the ORF encoding the largest, previously annotated protein in one region of a transcript the 'main-ORF' and all other ORFs derived from alternative start codons in the same region as 'alt-ORFs' (Figure 1 ). We refer to previously unannotated ORFs of short length (corresponding to the only coding sequence for a particular region of a transcript) as 'sORFs', and regulatory upstream ORFs as 'uORFs' for both eukaryotes and bacteria. The protein products of sORFs and uORFs will be called 'small proteins'. A few exceptions are examples where we keep the original designations for consistency.
In thinking about these previously ignored ORFs, it is worth considering some fundamental differences in the Figure 1 . Architecture of alt-ORFs discovered on messenger RNAs (A) and sORFs encoded on transcripts denoted 'noncoding' RNAs (B). In (A), the organization of the alt-ORFs (blue) relative to the main ORFs (dark gray) is shown for mature mRNAs with alt-ORFs in the same frame (left), which can result in N-terminal extensions or deletions, and out-of-frame (right) relative to the annotated main-ORF. Annotated start codons for the main-ORF are marked with solid green triangles and alternative start codons are marked with empty green triangles.
translation of eukaryotic and bacterial mRNAs. While eukaryotic mRNAs usually are mono-cistronic, many, but not all, bacterial transcripts are poly-cistronic and encode several proteins. While transcription and translation occur in separate compartments in eukaryotic cells, they can be coupled in bacteria. Additionally, while splicing of mRNAs is common in most eukaryotic species, it is rare in bacteria. The majority of eukaryotic mRNAs are translated by a socalled 'cap-dependent' mechanism involving 5 -cap recognition by the eIF4F complex, which associates with eIF3 and the 40S ribosomal subunit to form, with additional factors such as tRNA-bound eIF2, the 43S preinitiation complex (11) . The 43S scans through the 5 untranslated region (UTR) until it encounters an initiation codon. It is commonly assumed that the first AUG codon, which the scanning ribosome encounters, serves as the start site for translation. However, one or more potential start codons for the initiation of uORFs can exist upstream of the main start codon. Likewise, AUG codons immediately downstream of the main start codon can potentially serve as initiators. In contrast, in bacteria, a Shine-Dalgarno or ribosome binding sequence in the 5 leader usually helps direct the ribosome to the appropriate start codon. Nevertheless ribosomes can also initiate translation at noncanonical sites, including at the 5 end of 'leaderless' transcripts (12) . The differences in eukaryotic and bacterial biology result in divergent mechanisms for alt-ORF-mediated translation regulation and for expression control.
IDENTIFICATION AND DETECTION
As more proteins encoded by previously unannotated ORFs were found by chance, it became clear that these represented overlooked translated regions. Thus, systematic approaches for the identification of these ORFs were developed. There are three main approaches: bioinformatic prediction, experimental detection by mass spectrometry, and extrapolation that a sequence is translated based on ribosome occupancy. As identification of alt-ORFs has been reviewed comprehensively (13, 14) , we only provide a summary with a focus on recent advancements.
Bioinformatic prediction
Genome annotation initially relied on start codon position and ORF length to differentiate between a proteinencoding ORF from an ORF arising from chance occurrence (15) (16) (17) . The inclusion of additional information such as the assessment of the conservation of codon usage and/or nucleotide frequencies within ORFs and the conservation in closely related species has improved the bioinformatic identification of alt-ORFs in eukaryotes [reviewed in (14) ] and bacteria (15, 18, 19) . For example, work with bacteria led to the development of a bioinformatic program, RanSEPs, which is a random forest-based computational approach that scores sORFs based on coding potential in a species-specific manner (5) . Another recent bioinformatic study analyzed existing metagenomic sequencing datasets from the human microbiome to identify thousands of putative sORFs (20) . Pioneering studies in mammals revealed more than 12 000 potential regulatory uORFs based on sequence analysis (21) . This number may even be low since uORF sequences usually are less conserved than canonical protein-coding ORFs. While regulatory uORFs (leader peptides) have been observed and characterized in bacteria, to our knowledge there have been no systematic computational studies aimed at identification of bacterial uORFs. Given that little is known about nested, internal ORFs, to date there also are no algorithms aimed at detecting this type of gene in any species. Overall, despite significant efforts to improve bioinfomatic prediction, the computational methods are usually subjected to a high rates of false positives. Many of these new ORF annotation programs also rely on previously identified alt-ORFs for training and val-Downloaded from https://academic.oup.com/nar/advance-article-abstract/doi/10.1093/nar/gkz734/5556081 by Albert R. Mann Library user on 20 December 2019 idation. Thus, their ability to identify alt-ORFs is limited to genes similar to the ones that have already been found. Experimental validation of many of the predictions also is missing. Nevertheless, these programs are valuable tools for improved genome annotation and to provide candidates for future validation.
Mass spectrometry
Mass spectrometry has been adapted for detecting previously unannotated proteins in organisms from all kingdoms. Rather than comparing spectrum matches to databases of previously annotated proteins, the mass spectrometric data must be compared to custom databases generated with all possible translations of a genome. Standard mass spectrometry requires proteins to be supported by multiple spectrum matches. However, small proteins often will have only one putative spectrum match, which may be difficult to detect among all other signals. Thus, biochemical enrichment, less stringent cutoffs or other specific approaches need to be taken to address these limitations. For example, peptidomics approaches inhibiting proteolysis and using electrostatic repulsion hydrophilic interaction chromatography to separate peptides prior to HPLC-MS/MS identified 90 new proteins in human cells, many matching proteins encoded by alt-ORFs (22) . This method also was used in Escherichia coli to identify stress-induced small proteins (23, 24) . A significant drawback of mass spectrometry is that fragmentation of proteins prior to detection means that the true start codon of a gene must be inferred. In bacteria, translation is initiated with N-formylated methionine tRNA, which is deformylated shortly after translation begins. Inhibition of the deformylase and enrichment for formylated N-terminal peptides allows detection of translation initiation start codons by a process termed 'N-terminomics' (25) . This approach was used to globally map the translation initiation sites of Listeria monocytogenes, revealing 6 putative sORFs and 19 putative alt-ORFs with translation initiation sites internal to an annotated ORF (26) . Future advances in the isolation of the small protein fractions and mass spectrometric detection undoubtedly will have a large impact on the field.
Ribosome profiling
Thus far, the most effective identification of translation initiation sites for alt-ORFs has been the mapping of actively translated mRNAs by a technique alternately known as ribosome profiling, Ribo-seq or ribosome foot-printing. The actively translated regions of mRNA bound by ribosomes are protected from nucleolytic digestion, whereupon sequencing of the protected regions gives a snapshot of which sequences are translated. Ribosome profiling was first developed in eukaryotes (27) , where strong start and stop codon peaks as well as clear 3 nt periodicity can be observed allowing unambiguous identification of the reading frame. Consequently, ribosome profiling has successfully mapped thousands of ORFs in mammals (28, 29) , fungi (30) and plants (2, 31) .
Nevertheless, standard ribosome profiling predictions have some limitations for predicting translated alt-ORFs.
The quality of ribosome profiling data and the prediction model strongly affect the number of alt-ORFs identified (2) . Furthermore, given that many are short, the mapping of alt-ORFs is more strongly affected by fluctuations in periodicity. Alternative splicing in 5 UTRs can disrupt codon periodicity as can overlapping uORFs (32) . To overcome these problems, several strategies have been developed to directly capture translation initiation sites by stalling initiating ribosomes (TIS-seq) (3, 33, 34) . Translation inhibitors such as harringtonine and lactimidomycin preferentially arrest the initiating ribosomes at the start codon (3, 34) . The elongating ribosomes are subsequently run off (GTI-seq) (33) or depleted by another translation inhibitor such as puromycin (QTI-seq) (34) , and the enriched sequences protected by initiating ribosomes are subjected to high-throughput sequencing. QTI-seq revealed that ∼50% of mouse mRNAs contain at least one uORF occupied by ribosomes (34) . Combined with standard ribosome profiling, these modified approaches substantially improve the sensitivity and specificity of alt-ORF mapping.
In contrast to eukaryotes, ribosome profiling in bacteria has not resulted in clear codon resolution; the signatures are less strong and more variable. Recently however, the use of the ribosome-stalling antibiotics tetracycline (35) , retapamulin (1) and Onc112 (36) for ribosome profiling of E. coli has allowed identification of novel alt-ORFs. The treatment with tetracycline revealed 28 genes with multiple start codons and 312 sORFs <50 amino acids long (35) . Treatment with retapamulin led to the identification of 124 internal translation initiation sites, 42 in-frame and 78 out-offrame to the annotated gene (1) . Analysis of datasets from both retapamulin and Onc112-treated cells led to the identification of 68 putative sORFs; of the 41 tested for expression by chromosomal tagging, 38 were shown to be translated (36) . The treatment with ribosome inhibitors has been a powerful approach, but again some caution is warranted. The accumulation of ribosomes on start codons as well as the elevated levels of free ribosomes that are the result of some treatments can lead to spurious ribosome binding to nonoptimal start codons (37) .
The results of these studies underscore the extent to which genome annotation has underestimated the translated proteome. However, given the caveats of each detection method, we stress the importance of additional validation of protein production. Furthermore, given the observation that alt-ORF translation can change based on media type and stress conditions [reviewed in (9, 38) ], proteomicand transcriptomic-based studies are limited by the growth condition in which the cells were sampled. It is likely that as detection approaches improve and additional growth conditions are tested, even more previously unannotated proteins will be identified.
ALT-ORF TRANSLATION AS A REGULATORY FUNC-TION
The translation of an ORF can itself be a regulatory event. For most studied examples, this is due to translation of an ORF upstream of or overlapping the main-ORF (uORF or leader peptide), an event that can have both positive and negative consequences ( Figure 2 ). However, the translation of internal ORFs or downstream ORFs also can impact synthesis of the protein encoded by the main-ORF.
Regulation of main-ORF translation initiation in eukaryotes
About 50% of mammalian transcripts contain at least one potential uORF (33) . The uORFs were hypothesized to primarily suppress the translation of main-ORFs. This notion has been supported by reporter assays and mutational studies (30, 39) . Translation inhibition can be achieved by uORF translation blocking scanning 43S ribosomes or sequestering 80S ribosomes. Consequently, uORFs may act as a physical barrier to prevent ribosomal access to the downstream main-ORF (40) (41) (42) . Translational arrest also can be induced by interaction between the uORF-encoded polypeptides and translating ribosomes (43, 44) . Additionally, the presence of non-optimal codons slows down the translating ribosomes, as was found for the Cx41 transcript in Xenopus laevis (45) and ATB2/AtbZIP11 in plants (46) .
A few eukaryotic uORFs stimulate the translation of mR-NAs encoding stress responsive proteins. The best characterized examples are GCN4 in yeast and ATF4 in mammals. The 5 UTR of ATF4 contains two uORFs: one near the 5 terminus and the other overlapping the main-ORF but in a different reading frame (47) . During normal growth, the eIF2-GTP-tRNA i Met ternary complex is abundant and ribosomes translate the first uORF. The small subunit remains associated with the mRNA, resumes scanning and rapidly reacquires the readily available ternary complex, thus allowing it to reinitate translation at the second uORF. Termination at uORF2 prevents initiation of the main-ORF due to the overlap in sequence. Under stress conditions that trigger eIF2␣ phosphorylation, the scanning ribosomes take longer to acquire a ternary complex after reinitiating downstream of the first uORF. As a result, more ribosomes bypass the second uORF and become available to translate the downstream main-ORF. It is perplexing to find that uORFs play both stimulatory and inhibitory roles in the translation of main-ORFs. Molecular mechanisms controlling leaky scanning (start codon skipping) versus reinitiation remain incompletely understood. uORF number, length, position and other features might be critical for the overall regulatory effects, and the study of uORFs is an important area for future work given how much remains to be learned.
Control of mRNA stability in eukaryotes
Nonsense-mediated decay (NMD) is an RNA quality control mechanism that eliminates mRNAs with premature translation termination codons (48, 49) . If the uORF stop codon is recognized as premature, it can trigger NMD, thereby decreasing transcript abundance and protein synthesis. Indeed, transcriptome-wide analysis of NMD in yeast, plant and human cells supports the idea that uORFcontaining transcripts are more likely to be targeted by NMD (50) (51) (52) (53) . Intriguingly, uORFs in plants can trigger NMD in a size-dependent manner (54) . The uORFs encoding proteins of >50 amino acids are sensitive to NMD, whereas short uORFs fail to activate NMD response. In yeast, the uORF in the CPA1 mRNA encodes an arginine attenuator peptide. When arginine is abundant, translation of the arginine attenuator peptide causes ribosomal pausing at the uORF termination codon, repressing CPA1 translation (40) and leading to NMD. Nevertheless, not all the uORF-containing mRNAs are subjected to NMD (42, 55) . For example, although GCN4 contains four uORFs, it is resistant to NMD due to the presence of a stabilizer element (56, 57) . By contrast, ATF4 contains two uORFs and appears to be targeted by NMD (58, 59) . The mechanistic correlations between NMD and uORF translation remain to be determined.
Regulation of transcription and translation initiation in bacteria
The tryptophan operon of E. coli is the classic bacterial example of translation of a uORF (traditionally referred to as a leader peptide in bacteria, but perhaps better designated uORF to unify nomenclature moving forward) affecting transcription of the downstream main-ORF. The 5 UTR of the trp operon encodes a 14 amino acid ORF, trpL, with two codons for tryptophan. Downstream of the tryptophan codons is an RNA sequence that can fold into either a transcription terminator or anti-terminator structure. When the activated tryptophan tRNAs are abundant, the ribosome is able to translate trpL and the terminator structure forms, attenuating transcription. However, when the ribosome pauses on the codons due to a lack of charged tRNA, this stalling allows formation of the anti-terminator and permits transcription of the entire operon. Examples of similar attenuation mechanisms have been documented in other amino acid biosynthetic operons and in other bacteria [reviewed in (60, 61) ]. Transcription attenuation influenced by uORF translation also has been described for genes impacting other aspects of metabolism such as pyrL regulating pyrimidine biosynthesis (62) and mgtL regulating the expression of the magnesium transporter MgtA (63) .
Like in eukaryotes, bacterial uORFs also regulate translation of a downstream gene. The uORF-encoded protein can stall the ribosome due to interactions between the nascent peptides and the ribosome exit channel, resulting in the formation of a secondary structure that frees the ribosome binding site of the downstream gene for translation initiation. For example, the short uORFs upstream of chloramphenicol resistance cat and erythromycin resistance erm genes encode proteins that arrest the ribosome allowing translation of the downstream antibiotic resistance gene [reviewed in (64, 65) ]. Translation of the uORF can affect translation of downstream genes via translational coupling. This effect is seen in operons, where the rate of translation of downstream (often overlapping) ORFs on the same polycistronic mRNA is affected by translation of the upstream ORF [reviewed in (66) ]. The translation of the uORF can also affect binding of regulatory proteins, indirectly impacting the translation of the main-ORF. This mechanism is illustrated by the iraD gene in E. coli (67) . The CsrA RNA-binding protein was shown to modulate translation of the iraD mRNA, but this regulation was found to occur via binding to the ribosome binding site of an upstream ORF27 (also designated idlP), which overlaps the start codon of iraD (67) . The recent search for sORFs in E. coli identified four uORFs whose translation affects expression of the downstream main-ORF: translation of pssL and yoaL enhanced levels of the main-ORFs pssA and yoeE, while translation of baxL and argL reduced levels of the main-ORFs baxA and argF (36) . The regulatory mechanisms for these newly identified uORFs, and likely many others, have yet to be characterized.
Regulation of main ORF translation by internal ORF translation in bacteria
Translation from an internal alternative start codon can affect translation of the main-ORF in bacteria. For example, mutation of the out-of-frame AUG start codon of a 12 amino acid ORF internal to the E. coli sfsA gene resulted in loss of expression of the sfsA main-ORF (1). The smallest possible open reading frame is a start codon followed by a stop codon, which have been referred to as 'minimal ORFs' or 'start-stops'. Ribosome profiling revealed out-of-frame internal minimal ORFs in 13 E. coli genes (1). Mutation of the start codon of a minimal ORF in one gene, yecJ, resulted in an increase in translation of the main-ORF, suggesting that these minimal ORFs also can modulate translation of the main-ORF (1). How commonly internal alt-ORFs regulate translation elongation in bacteria, whether the same regulation occurs in eukaryotic cells, and the exact mechanisms of regulation are currently unknown.
INTRINSIC FUNCTIONS AS PROTEINS
In addition to regulatory roles of uORF and alt-ORF translation mentioned above, the translational products of some these ORFs have cellular functions. For instance, small proteins encoded by uORFs in fruit flies exert critical functions in development (68) , and the uORF-encoded AtCDC26 is part of the plant anaphase promoting complex/cyclosome (APC/C), regulating the accumulation of APC/C target proteins (69) . Nevertheless, only a small fraction of uORFencoding proteins are evolutionarily conserved and the codon usage in uORFs generally is similar to the random triplet frequency found in 5 UTRs (28, 70) . These observations suggest that most uORFs are selected not to encode bioactive proteins, but to regulate main-ORF translation. An alt-ORF in-frame with and upstream of main-ORF can encode a signal sequence that relocalizes the main-ORF encoded protein (71, 72) . For example, PTEN is primarily localized to the cytoplasm and the nucleus, where it acts as a tumor suppressor by negatively regulating PI3K/AKT-mediated cell survival and proliferation (72) . eIF2A-mediated translation of an alt-ORF leads to an Nterminally extended form of PTEN, which is found in mitochondria and is required for mitochondrial structure and function. Other alt-ORFs, in contrast, may just be translated spuriously. Detailed mutational studies are needed to differentiate between eukaryotic uORFs and altORFs that produce functional proteins and uORFs that simply provide upstream initiation and termination sites or alt-ORFs corresponding to spurious translation.
In bacteria, independent functions have not been demonstrated for uORFs (leader peptides), but may exist in some cases. In contrast, internal alt-ORFs have been shown to have functions both related and unrelated to the main-ORF [reviewed in (13) ]. As one example, ribosome profiling identified an in-frame alt-ORF in the C-terminal region of the E. coli ArcB sensor kinase coding region, resulting in the production of just the C-terminus of ArcB (ArcB-C) (1). ArcB is a part of the two-component regulatory system Ar-cAB that controls responses to changes in oxygen (73) . Under microaerobic conditions, wild-type E. coli outcompeted the E. coli strain in which the acrB-C start codon was mutated, indicating that the AcrB-C alt-ORF is important for survival in low oxygen environments (1) . Whether production of AcrB-C changes in response to aeration or other stress conditions, how translation of this alt-ORF is regulated and how AcrB-C acts remain to be identified. The frequency of alt-ORF translation indicated by ribosome profiling suggests there is much to be learned about the physiological roles of bacterial alt-ORFs.
In addition to functional proteins encoded by uORFs and alt-ORFs, another major group of previously overlooked proteins are those encoded by sORFs found on independent 'noncoding' transcripts such as lncRNAs and cir-cRNAs or in operons with other main-ORFs. Only a limited number of sORF-encoded proteins have been characterized but already it is clear that they have a broad range of functions [reviewed in (8, 13, 38, 74) ]. However, a few general categories observed for small membrane proteins are coming into focus (Figure 3 ). 
Components of larger protein complexes
A number of small proteins have been found as part of larger protein complexes, often in the membrane. Among the best characterized examples are the small proteins associated with photosystems I and II as well as cytochrome oxidases [reviewed in (75) ]. Some of the associated small proteins were found as unexpected density in structural studies of these complexes (76) . CydX, a small transmembrane ␣helical protein associated with the E. coli cytochrome bd-I oxidase, is required for the function of this complex (77-79). However, very little is known about what CydX and other small proteins found in similar complexes are doing. One can imagine that they might be required for complex assembly as reported for the CcoQ protein (80) or for stability as suggested for the CcoM protein (81), both associated with a cytochrome c oxidases in Pseudomonas stutzeri.
Interestingly, CydX homologs have a wide diversity of sequences and a range of protein lengths. Furthermore, CydX activity withstands extensive mutagenesis and highly divergent CydX homologs can complement the E. coli cydX mutant (82, 83) . This heterogeneity makes predictions of small protein homologs across species difficult, particularly if genomic context is not conserved. The observations also suggest that evolution could occur rapidly in this type of small protein, as mutations in residues other than a few specific binding determinants are well-tolerated.
Modulating membrane protein activity and levels
In addition to assisting in the assembly or function of a membrane protein complex, small proteins have been found to act as regulators of membrane proteins. In eukaryotes, the small single-transmembrane ␣-helical proteins Sarcolipin (84), Phospholamban (85), Sarcolamban (86), Myoregulin (87) and DWORF (88, 89) have been shown, in different species, to positively or negatively control the activity of the SERCA calcium pump. Sarcolipin, Phospholamban, Sarcolamban and Myoregulin share very few conserved amino acids, but structural analyses indicate that they bind SERCA in the same transmembrane groove with a similar orientation.
In E. coli, the small membrane protein AcrZ binds AcrB, the inner membrane resistance-nodulation-division (RND) family component of the AcrAB-TolC multidrug efflux pump (90) . AcrZ modulates the pump substrate specificity, as loss of AcrZ results in increased sensitivity to a subset of the antibiotics transported by AcrB (90) . AcrZ binds AcrB in a hydrophobic groove conserved in the transmembrane domain of RND pump proteins (91) . While RND pumps with this conserved groove are found broadly across bacterial classes, AcrZ is only conserved in enterobacterial species, raising the question whether other small proteins of dissimilar sequence bind and regulate RND pumps in species lacking AcrZ.
Several bacterial small proteins have also been found to affect the activity or levels of membrane-embedded transporters or signaling proteins related to magnesium homeostasis. In E coli, the small proteins MgtS and MgrB are induced by PhoPQ, a two-component system activated by signals such as low magnesium (92) . MgtS expression increases intracellular magnesium by binding two membrane transporters, the magnesium importer MgtA (93) and the phosphate-cation symporter PitA (94) . MgtS appears to prevent MgtA degradation by a membrane protease while modulating PitA activity. The determinants governing the specific MgtS interaction with two different transporters are not fully understood. Conversely, in Salmonella enterica, the PhoPQ-regulated MgtR small protein enhances membrane protease degradation of MgtC (95) and MgtA (96) . Furthermore, the MgrB small protein interacts with the sensor kinase PhoQ itself to repress autophosphorylation, resulting in a negative feedback loop to control expression of the PhoPQ regulon (97, 98) . The example small proteins described here fine-tune the cellular responses to environmental changes. Since many small proteins are induced under stress conditions or are tissue or species specific, they could have arisen as a rapidly evolving means to regulate protein activity. It is likely that many more examples of these modulators will be discovered as additional small proteins are characterized.
Modulating the membrane by membrane fusion and protein recruitment
Small proteins also act at the membrane to affect fusion and protein recruitment. The small membrane protein Minion-Myomerger-Myomixer mediates membrane fusion during skeletal muscle development and regeneration (99-101). The mechanism of action is unknown, but co-immunoprecipitation showed high enrichment of cytoskeletal proteins, suggesting that this small protein is involved in coordinating cytoskeletal reorganization events involved in fusion. In human and mouse skeletal muscle cells, the lncRNA LINC00961 produces the SPAR protein (102) . SPAR is localized to the late endosomal/lysosomal membranes where it associates with the v-ATPase complex via conserved residues in its N-terminal transmembrane domain (102) . SPAR enhances v-ATPase association with the Ragulator-Rag complex, which prevents Ragulator recruitment of mTORC1 to the membrane, resulting in decreased mTORC1 activation (102) . During muscle injury, a reduction in SPAR levels results in enhanced mTORC1 signaling and increased muscle repair (102) .
There are also bacterial examples of small proteinmediated recruitment of protein complexes to the membrane. The stressosome in Gram-positive bacteria is a large multi-protein cytoplasmic complex comprised of the RsbR, RsbS and RsbT proteins that sense environmental signals to activate the general stress response sigma factor (103) . The Prli42 small protein of the pathogen L. monocytogenes was found to co-immunoprecipitate with components of the stressosome (26) . Prli42 inserts C-terminally into the cytoplasmic face of the inner membrane and binds RbsR via residues in the N-terminus to tether the stressosome to the inner membrane. Prli42 is upregulated when L. monocytogenes grow in blood, and cells lacking the small protein are more sensitive to oxidative stress and show decreased survival in macrophages. Thus, it appears that Prli42 is required for activation of the stressosome-response pathway. The recruitment of a protein complex is reminiscent of the function of B. subtilis SpoVM, which is amphipathic helix that embeds horizontally into the membrane at sites of convex curvature and recruits the spore cortex component SpoIVA to the membrane of the nascent spore (104, 105) . These examples illustrate how small membrane-associated proteins play regulatory roles by recruiting larger protein complexes.
REGULATION OF ALT-ORF AND SORF EXPRESSION
Expression of alt-ORFs and sORFs themselves is often extensively regulated at the transcriptional and posttranscriptional levels, though the impact of various regulatory mechanisms can differ. For instance, alt-ORFs with non-canonical start codon such as CUG or UUG may be more highly dependent on the activity of translation initiation factors or the dynamics of the scanning complex.
Modulation by transcription or alternate splicing
In eukaryotes, alternative splicing or altered transcriptional initiation is quite common at different development stages. By generating isoforms with different 5 UTR lengths, it is possible to create new ORFs or abrogate pre-existing ORFs from certain transcripts. During meiotic differentiation of budding yeast, translational reprogramming occurs via a switch between mRNA isoforms that differ in uORF content (106) . This feature is also exploited by Drosophila melanogaster during development (68) . In Arabidopsis thaliana, alternative transcription to eliminate uORFs is induced after exposure to blue light (52) . Intriguingly, Caenorhabditis elegans uses trans-splicing to remove Stress signaling pathways lead to phosphorylation of eIF2␣, which triggers translation re-initiation at a second uORF by affecting the eIF2-GTP-tRNA i Met ternary complex (TC) availability. This can block translation of the downstream main-ORF. In response to certain stress conditions, eIF2A promotes non-AUG translation (CUG shown here), which appears to stimulate main ORF translation. mRNA modification in the form of m 6 A may influence alternative start codon selection by slowing ribosome scanning. Additionally, translation of some uORFs is sensitive to intracellular metabolites whose levels are controlled by enzymes encoded by the downstream main-ORF. upstream AUG codons in native 5 UTRs in order enhance the translation efficiency of a subset of mRNAs (107) . Producing transcript isoforms probably is the most straightforward way to achieve alt-ORF diversity without altering the translation machinery.
In bacteria, transcription of the mRNAs encoding the small proteins also has been shown to be strongly regulated. As already mentioned, in E. coli, the transcription of the mgtS and mgrB mRNAs is induced by the response regulator PhoP in low magnesium. Likewise, the transcription of the mRNA encoding AcrZ is induced by the same toxic compounds that activate transcription of the acrB mRNA. Global analysis of small protein levels in E. coli showed that many are highest under specific environmental conditions (108), most likely regulated at the level of transcription.
Modulation by translation
In eukaryotes, the translation of alt-ORFs can change in response to different developmental stages, environmental cues and stress conditions. For instance, ribosome profiling showed an increase of uORF occupancy under many stress conditions such as starvation, oxidative stress, heat shock and proteotoxic stress (47, 109, 110) . The mechanisms of this dynamic regulation are beginning to be understood [reviewed in (111, 112) ] and we summarize a few wellcharacterized pathways below (Figure 4 ).
It has been well-established that the stringency of start codon recognition can be strengthened or weakened by cis elements and trans-acting factors. In higher eukaryotes, the optimal context for the initiator AUG triplet is a purine at position -3 and a guanine at position +4 (113) . The presence of mRNA secondary structures at or near the start codon influences the recognition efficiency (114, 115) . In addition to these cis sequence elements, the stringency of start codon selection is subject to regulation by nearly all initiation factors, including eIF1, eIF1A and eIF3 (116) (117) (118) (119) (120) . Impediments to 43S scanning by secondary structures or RNAbinding proteins enhances the selection of non-canonical start codons that otherwise would be skipped. Inefficient recognition of an initiator codon results in a portion of 43S ribosomes continuing to scan and initiating at a downstream site, in a process known as leaky scanning.
In response to stress conditions, phosphorylation of eIF2␣ reduces the abundance of eIF2-GTP-tRNA i Met ternary complex. This reduction leads to a global attenuation of protein synthesis. However, stress genes such as ATF4, GADD34 and CHOP are translationally maintained or even induced by a re-initiation mechanism that relies on uORFs. Similarly, UV-induced DNA damage triggers selective translation of mRNAs containing uORFs in the 5 UTR (121), indicating that this regulatory mechanism is broadly prevalent under stress conditions. In mammalian cells, a gene encoding a mitochondrial ribosome protein MRPL18 undergoes alternative translation initiation in response to heat shock stress (122) . The selection of a downstream CUG codon gives rise a truncated MRPL18 that is cytoplasmic. Intriguingly, cytoplasmic MRPL18 incorporates into the 80S ribosome in a stress-dependent manner, amplifying the impact of alternative translation.
eIF2A is an alternative tRNA carrier that appears to be responsible for initiation events from non-AUG codons such as CUG. The BiP transcript encodes an endoplasmic reticulum (ER) chaperone protein whose translation during ER stress relies on two uORFs with non-AUG codons . In response to ER stress, upregulated eIF2A initiates translation from these non-AUG uORFs, which promotes the downstream translation of the BiP main-ORF (123) . As another example in yeast, the levels of Ded1p, a DEAD-box RNA helicase, are reduced during meiosis (124) . Ded1p catalyzes the forward scanning of ribosomes by interacting with the scanning ribosome at the mRNA entry channel and unwinding mRNA secondary structures. Reduced levels of Ded1p lead to alternative initiation from near-cognate start codons immediately upstream of RNA secondary structures (118) . These results suggest that activation of alt-ORF translation is regulated by modulating the ribosome scanning process.
Polyamines such as spermidine are essential for a wide range of cellular functions, and key enzymes in polyamine biogenesis are tightly regulated at the level of translation. The mammalian AZIN1 gene encoding an antizyme inhibitor, a regulator of polyamine synthesis, contains a uORF essential for polyamine-mediated translational repression of this gene (125) . A recent study reported that polyamine competitively inhibits elongation factor eIF5A, causing the pausing of elongating ribosomes on a conserved Pro-Pro-Trp (PPW) motif in the uORF (126) . The queuing of scanning ribosomes behind a paused ribosome promotes initiation at upstream weak start sites, thereby reducing AZIN1 translation. Likewise, translation of Sadenosylmethionine decarboxylase is sensitive to intracel-lular polyamine levels via uORF translation (127) . In this case, a Met-Ala-Gly-Asp-Ile-Ser (MAGDIS) hexapeptide stalls ribosomes at the uORF stop codon and the duration of arrest depends on the concentration of polyamines. It is clear that there is extensive communication between alt-ORF and main-ORF translation to achieve polyamine homeostasis.
In bacteria, the expression of alt-ORFs can also be regulated at the post-transcriptional level. This is illustrated by genome-wide mapping of regulatory small RNA (sRNA) targets in E. coli, which showed that many small proteincoding mRNAs are associated with sRNAs, suggesting sRNA-mediated post-transcriptional regulation (128) . In the intriguing case of the gndA alt-ORF encoded out of frame within the gndP main-ORF (6-phosphogluconate dehydrogenase) in E. coli (23) , GndA protein levels were found to be elevated upon heat shock, while there is no evidence that gndP mRNA levels increase under this condition.
Modulation by RNA modification
Nucleotide modifications have been observed in many types of RNA. Some of the RNA modifications serve as sentinels for stress conditions, while others directly affect the decoding process of translation. In eukaryotic mRNAs, different types of methylation have been documented. One abundant and conserved mRNA modification is N 6 -methyladenine (m 6 A) (129) (130) (131) (132) . The abundance of m 6 A has been estimated to be, on average, 3-5 residues per mRNA in human cells. Importantly, the m 6 A modification is dynamic and can be reprogrammed under different conditions. For instance, yeast cells have low levels of m 6 A modification during regular mitotic growth, but 50% of all mRNAs contain m 6 A sites during meiosis (133) . In addition, the m 6 A landscape changes in response to various stimuli (134, 135) . Intriguingly, m 6 A in 5 UTRs affects the ribosome scanning process, thereby influencing uORF translation (136) . In the ATF4 mRNA, the stress-induced removal of m 6 A from uORF2 facilitates uORF2 bypass, thereby enhancing ATF4 translation. How exactly m 6 A affects the scanning process remains unclear.
ROLES IN DISEASE
A growing body of evidence shows that alternative translation initiation plays a critical role in the maintenance of cellular homeostasis. In humans, mutations that create or delete alt-ORFs are associated with various physiological abnormalities. Examples include craniofrontonasal syndrome (CFNS) and thrombocythaemia (137) . CFNS is a rare X-linked dominant disorder caused by loss-of-function mutations in the EFNB1 transcript. There are at least two CFNS-associated mutations found in the EFNB1 5 UTR. Either 95T>C or 95T>G abolishes the stop codon of a uORF, resulting in an overlapped, out-of-frame ORF relative to the main-ORF. Another mutation (411C>G) leads to creation of a new uORF. Translation of these abnormal uORFs leads to repressed translation of main-ORF. In the case of thrombocythaemia (138), a mutation in 5 UTR of thrombopoietin gene causes abnormal translation of the pre-existing uORF, resulting in systemic overexpression of thrombopoietin leading to thrombocythaemia.
A number of neurological disorders are caused by the expansion of nucleotide repeats. Typical examples include Huntington's disease with CAG repeat expansions in the coding sequence of the Huntingtin gene (139) , and fragile X disorders with CGG repeat expansions in the 5 UTR of the FMR1 gene (140) . Importantly, repeat-associated non-AUG (RAN) translation appears to be the etiology of many neurodegenerative diseases. RAN translation occurs in multiple reading frames and appears to initiate within expanded nucleotide repeats, generating toxic polypeptides. Regulatory mechanisms underlying RAN translation remain incompletely understood.
Both genome-wide and gene-specific analyses have provided evidence for the functional and clinical relevance of 5 UTR mutations in cancer (141) (142) (143) . Cancer cells exploit multiple mechanisms to modulate main-ORF translation. For example, human epidermal growth factor receptor 2 (HER2, also known as ERBB2) is overexpressed in ∼15-30% of breast cancers (144) . The translation of HER2 is normally repressed by uORF translation. In tumor cells, however, the RNA-binding proteins HUR and hnRNPA1 overcome the inhibitory effect of this translation by binding to the 3 UTR of HER2 (145, 146) . The deregulation of uORF translation in cancer also can have the opposite effect. The CDKN2A gene encodes two proteins p16INK4a and p14ARF, which act as tumor suppressors by regulating the cell cycle (147, 148) . In addition to mutations in the main-ORF, a single point mutation in the 5 UTR of CDKN2A creates a new translation initiation site. Translation of this novel uORF decreases CDKN2A protein levels in hereditary melanoma. The repeated observation of uORF mutations associated with disease implies they play a crucial role in pathogenesis.
De-regulation of uORF translation also can occur in a global manner. A recent study reported that alternative translation initiation is globally elevated in embryonic skin cells from a mouse tumorigenesis model (149) . It was hypothesized that the phosphorylation of eIF2␣ in early stages of tumorigenesis leads to reprogrammed translation via eIF2A-dependent alternative initiation. How differential usage of uORFs genome-wide can drive cancer phenotypes as of yet is unknown.
PERSPECTIVES
As seen from the studies summarized here, the density of information encoded in eukaryotic and bacterial genomes is far greater than previously appreciated, with many more translation events than expected. Translation can serve a regulatory role or result in a functional protein, or possibly both. The tight regulation observed suggests that the translation of these previously ignored regions is important to the cell, a point emphasized by the association of abnormal alt-ORF expression with disease. These studies open up many exciting new avenues of research already mentioned and raise additional questions worth considering.
Standard of evidence
It is unlikely that every possible translated ORF gives rise to a functional protein, and the functional analysis of every predicted translated alt-ORF will take time. This leads to the question of when to annotate a putative ORF. What level of evidence is necessary? Is evidence of translation by ribosome profiling or matches by mass spectrometry sufficient? The presence of ribosome density does not necessarily indicate translation of a protein product. Similarly, a single spectral match by mass spectrometry does not provide concrete evidence for synthesis. Furthermore, translation of an ORF could be translational noise that neither has a regulatory function nor produces a stable protein. We suggest that multiple lines of evidence must be present before a putative ORF is annotated.
Complication of dual-function
For nested alt-ORFs such as the gndA-gndP pair, there are questions about how expression of the two functions encoded by overlapping regions impact each other. Related to this, there are an increasing number of examples where transcripts shown to act as regulatory RNAs also encode small proteins, thus serving a 'dual-function' (150) . The regulatory RNA and the small protein could either act in the same pathway or have very different consequences. The plant Medicago truncatula regulatory miRNA miR171b encodes the small protein miPEP171, which was shown to increase accumulation of miR171b to enhance lateral root formation (151) . In bacteria, the E. coli SgrS regulatory sRNA also encodes the SgrT protein; both SgrS and SgrT regulate the same target, the glucose transporter EIICB (152) . The Staphylococcus aureus RNAIII sRNA, which base pairs with multiple mRNAs to regulate virulence, also encodes a ␦-hemolysin protein. While ␦-hemolysin is important in S. aureus virulence, in this case the regulatory sRNA and the protein it produces do not impact the same target [reviewed in (153, 154) ]. Very little is known about when and how these dual-function RNAs act as mRNAs versus regulatory RNAs or whether the two activities interfere with each other.
Evolution
Consideration of how alt-ORFs in general, and overlapping functions in particular, evolve also leads to interesting questions. For example, in the case of dual-function RNAs, which activity evolved first? For small, hydrophobic membrane proteins, did these evolve from the duplication of a transmembrane domain? An attractive hypothesis is that alt-ORFs, which are less conserved than main-ORFs (consistent with their regulatory role in gene expression), have evolved more recently. Unlike main-ORFs that primarily employ canonical AUG start codons, alt-ORFs often use near cognate start codons (AUG-like triplets) for initiation. This feature further argues that translation of alt-ORFs is of much lower efficiency when compared to the main-ORF. It was recently shown that in a D. melanogaster population, a considerable fraction of alt-ORFs are beneficial and rapidly fixed under positive selection (68) . In addition to mutations, the insertion of transposable elements can generate new alt-ORFs. Notably, an estimated ∼10% human alt-ORFs are derived from transposable elements (155) . The evolutionary forces governing alt-ORF generation in all organisms remain to be explored.
Potential for exploitation
Given their broad roles, it is desirable to engineer alt-ORFs for precise control of protein translation (156) (157) (158) . Indeed, genome editing of endogenous uORFs in plants enabled translational modulation of main-ORFs encoding proteins involved in development or antioxidant biosynthesis (156) . Additionally, inserting pathogen-responsive uORFs into transgenes encoding key immune regulators allows plants to gain broad-spectrum disease resistance without compromising plant fitness (158) . More recently, efforts have been undertaken to identify small molecule compounds that target uORF translation (159) . Since the majority of uORFs rely on near-cognate start codons, targeting non-AUG translation may be a therapeutic strategy.
Along these same lines, once more is known about small protein mechanisms of action, their functions could be exploited for disease treatment. Both stable synthetic analogs of natural small regulatory proteins and molecules that affect small protein binding could have therapeutic value [reviewed for eukaryotes in (13) ]. For instance, the inhibition or mimicry of small proteins involved in infection, such as the stressosome-recruiting protein Prli42, or antibiotic resistance, such as the the AcrZ multidrug efflux pump regulator, could be valuable tools for combating infection or multi-drug resistance, particularly in conjunction with other therapies.
CONCLUSION
Going forward, we suggest that addressing the questions raised in this review will be of great interest and importance. This work will provide novel insights into translational regulation and uncover hidden coding potential for the genomes and additional functions for the proteomes of all organisms.
